The study was approved by the Ethics Committee of Zhejiang University School of Medicine. After proper written informed consent from the participants, blood samples were obtained from the three NF1 families, including 8 affected and 3 unaffected individuals, one sporadic patient and 100 unrelated controls. Genomic DNA was extracted from the peripheral blood using the FlexiGene DNA kit (QIAGEN, Germany). We then sequenced the NF1 gene in four patients using Sanger sequencing, multiplex ligation-dependent probe amplification (MLPA), and complementary DNA (cDNA) sequencing. Four mutations of NF1 gene (NM_000267.3) were identified in our patients, including two novel and two reported mutations [ Table 3 and Figure 2 ].
In the proband of family 1 (patient 1), a novel splice-site 4-bp deletion (c. 204 + 1_204 + 4delGTGA) was detected in intron 2, which caused a partial skipping of exon 2. This created an abnormal messenger RNA (mRNA) transcript containing a deletion of 105 nucleotides of exon 2, as confirmed by cDNA sequencing analysis [ Figure 3a ]. Translation of this abnormal mRNA transcript would produce the substitution of valine with arginine at amino acid position 34 (p.Val34Arg) and an in-frame deletion of 35 amino acids between positions 33 and 69. Another novel mutation is a single-exon deletion of exon 4, that was identified by MLPA analysis in the proband of family 2 (patient 2). The single exon 4 deletion was also confirmed by cDNA sequencing to result in an aberrant mRNA transcript containing a deletion of 191 nucleotides between exons 3 and 5 [ Figure 3b ], which would produce an 
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NF1 protein with the substitution of glutamine with valine at amino acid position 97 (p.Gln97Val) and a frameshift deletion of 63 amino acids (from amino acid positions 96 to 160). The frameshift deletion introduces a stop codon (TGA) at amino acid position 109. This results in a truncated protein with only 108 amino acids, that is far smaller than normal neurofibromin (2818 AAs). Neurofibromin has two major functional domains. One is the GTPase-activating protein domain, which is encoded by exons 21-27. The other one is cyclic adenosine monophosphate-dependent protein kinase recognition sites, encoded by exons 11-17. 5 The splice-site mutation in patient 1 produced an abnormal protein with all the functional domains. The exon 4 deletion in patient 2 resulted in a truncated short peptide without any functional domains, This resulted in the functional deficiency of neurofibromin (due to the loss of one copy of NF1). We also found two previously reported mutations at splice sites c.1527+1G>A (in family 3 case, patient 3) and c.6641+1G>A (in the sporadic case, patient 4). 6, 7 Pathogenicity analyses by MutationTaster indicated that the two current variants were both deleterious. 8 These mutations were all co-segregated with NF1 phenotype in the three families, carried by all the related patients and absent from unaffected individuals [ Table 3 ]. None of these mutations were found in 100 unrelated controls and in dbSNP database. 9 More than 2600 different mutations, ranging from single-nucleotide substitutions to large deletions, have been reported in NF1 patients according to Human Gene Mutation Database. 10 It appears that the mutations are distributed throughout the entire NF1 gene without any hotspots. 11 To date, only a few unambiguous genotype-phenotype correlations of NF1 have been identified. Alkindy et al. found that patients with splice-site mutation have a significantly increased risk of developing neoplasm, particularly malignant peripheral nerve sheath tumors and central nerve system gliomas, compared with those with other mutations in NF1 gene. 12 In this study, all the four patients showed severe clinical manifestations of NF1 phenotype, including a large number of cutaneous and subcutaneous neurofibromas and huge neoplasm on the trunk. However, the three patients with splice-site mutations (patients 1, 3, and 4) did not suffer from malignancy. In addition, patient 1 also showed calvarial defect, which may be due to the abnormal protein with all the functional domains, produced by the splice-site mutation, that may interfere the function of normal protein. Patient 2 did not suffer from learning disability, bony dysplasia, or any malignancy, which could be the effect of the functional insufficiency of neurofibromin. However, due to the limited number of patients analyzed in our study, these phenotype-genotype correlations need to be confirmed by further studies.
In summary, our study discovered two novel mutations of NF1 gene that cause either abnormal functionality or functional deficiency of neurofibromin. We also found a case of congenital skull defect in a NF1 patient with abnormal function of neurofibromin. Splice-site mutations were not found to be associated with malignancy, or related phenotypes. These results have helped to further expand the NF1 mutation database, apart from providing clinically useful information for genetic counselling and prenatal diagnosis of NF1.
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